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Summary 
The emergence of functional lateral interactions in fer- 
ret visual cortex was monitored using high speed opti- 
cal imaging of voltage-sensitive dye signals in brain 
slices. Prior to the time of eye opening, lateral activa- 
tion was restricted to a narrow columnar region. Dur- 
ing the week following eye opening, the extent of lat- 
eral propagation of activity more than doubled. 
Selective interruption of specific pathways in the slice, 
combined with pharmacological and anatomical ex- 
periments, determined that this lateral propagation 
was mediated by horizontal projections made within 
layer 2/3. These results indicate that functional hori- 
zontal interactions emerge only after axons begin 
branching and in parallel with, but not prior to, the 
refinement of orientation selectivity. 
Introduction 
Though synaptically mediated activity is central to the de- 
velopment of circuitry in the mammalian visual system 
(Goodman and Shatz, 1993) much of the evidence for 
activity-mediated developmental events relies on infer- 
ences from anatomical studies of axonal projections (Inno- 
centi et al., 1985; Sretavan et al., 1988; Callaway and 
Katz, 1991; Simon et al., 1992). In the adult brain, there 
is reasonable correspondence between the extent or den- 
sityof axonal arbors and the strength of functional synaptic 
connections. However,  in the developing nervous system, 
where synapses may be weak, transient, or extremely 
sparse (Lund et al., 1977; Boothe et al., 1979; Armstrong- 
James and Fox, 1988; Antonini and Stryker, 1993; Dalva 
and Katz, 1994) this correspondence may not hold. 
Hence, an axonal projection seen anatomically may not 
immediately play an important functional role. 
To explore the relation between anatomical and func- 
tional development of cortical circuits, we focused on the 
development of horizontal connections in layer 2/3 of ferret 
visual cortex. These connections arise from the axonal 
arbors of pyramidal cells and can extend several millime- 
ters in the tangential plane of the cortical plate (Gilbert and 
Wiesel, 1983). In the adult, these axonal arbors specifically 
link groups of neurons with similar functional properties, 
forming clusters of synaptic boutons in appropriate re- 
gions (Livingstone and Hubel, 1984; Ts’o et al., 1988; Gil- 
bert and Wiesel, 1989; Malach et al., 1993). 
From an anatomical perspective, the development of 
these connections has been well characterized in a variety 
of systems (Luhmann et al., 1986; Callaway and Katz, 
1990; Albus and Wahle, 1994; Durack and Katz, 1995). 
Initially, layer 2/3 pyramidal cells extend long (approxi- 
mately 1 mm), radially organized, unbranched axons. Sub- 
sequently, some of these unbranched axons retract collat- 
eralsfrom functionally inappropriate regions of cortex, and 
others elaborate secondary branches and form synaptic 
clusters in appropriate regions. This process of selection 
is influenced by cortical activity, as binocular deprivation 
or strabismus can interfere with or redirect the patterns 
of emerging clusters of connections (Callaway and Katz, 
1991; Lowe1 and Singer, 1992). At what point during these 
rearrangements do the developing collaterals become ca- 
pable of transmitting synaptic signals? Determining the 
location of synaptic boutons along young, unbranched fi- 
bers is difficult because of their small size and poorly differ- 
entiated appearance (ArmstrongJames and Fox, 1988). 
Previous electrophysiological investigations using photo- 
stimulation (Dalva and Katz, 1994) suggested that func- 
tional synapses were sparse until the time of eye opening. 
Although photostimulation can reveal the number and pat- 
tern of functional inputs converging onto single cells, it 
cannot reveal the overall functioning of a cortical circuit, 
as early synapses may be initially too weak or sparse to 
shape the behavior of the circuit as a whole. Since hori- 
zontal connections probably operate by “mass action”(Gil- 
bert et al., 1990; McGuire et al., 1991), the functional effi- 
cacy of these connections within the context of the circuit 
may differ from functional efficacy measured at the single- 
cell level. 
To determine the functional state of horizontal connec- 
tions, we employed high speed optical recording of volt- 
age-sensitive dye signals in coronal slices of ferret visual 
cortex at different stages in development. We have corre- 
lated this information with what is already known about 
development of the horizontal connections in layer 2/3 
from anatomical and single-cell studies and related the 
development of their functional state to the emergence of 
orientation selectivity (Chapman and Stryker, 1993). We 
found that there is a marked lag between the initial emer- 
gence of laterally directed axons and the capability of 
these axons to support functional interactions over appre- 
ciable distances, and that these connections first become 
functional when robust orientation tuning begins to emerge. 
Results 
The results of these experiments are presented in three 
sections. We first demonstrate major differences in the 
spatiotemporal patterns of stimulus-evoked activity arising 
in slices taken from visually inexperienced and visually 
mature animals. We next examine the developmental time 
course of one of these changes: the extent of lateral propa- 
gation of activity observed in layer 2/3 of cortical slices. 
In the third section, we argue that this horizontal propa- 
gation is mediated by horizontal connections intrinsic to 
layer 213. 
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Patterns of Activation in Immature and Mature 
Cortex Are Markedly Different 
Development of the efficacy of horizontal connections in 
layer 2/3 was assayed using high speed (2000 frames per 
second) optical recording of voltage-sensitive dye signals, 
Dye-loaded coronal slices of visual cortex taken from fer- 
rets ranging in age from postnatal day 20 (P20), just after 
layer 2/3 is fully formed, to adult-like (P71) were placed 
on an inverted f luorescence microscope, and a 10 x 10 
photodiode array was used to optically record the patterns 
of neuronal activity evoked by electrical stimulation at the 
layer 6-white matter boundary. By montaging asynchro- 
nously acquired responses from separate areas of the 
slice, we were able to image areas approximately 2 x  
2.5 mm, with spatial resolution of 45 urn and temporal 
resolution of 0.5 ms (see Experimental Procedures). 
The size of signals arising from voltage-sensitive dye- 
stained slices is proportional to the area of membrane 
undergoing changes in potential. The rapid time course 
of the signals we measured indicates that they arose from 
neuronal, not glial, membranes. It is generally accepted 
that most of the signal detected optically originates from 
postsynaptic (dendritic) sources (Grinvald et al., 1994), 
making it well suited for studying the functional efficacy 
of connections. 
Patterns of activity evoked by stimulation of slices taken 
from visually immature (P26) and visually mature (P67) 
ferrets shared some features, but differed dramatically in 
many others (Figure 1). At both ages, optical recordings 
of neuronal activity after electrical stimulation near the 
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layer 6-white matter boundary produced a rapidly advanc- 
ing tongue of activity, which propagated from the stimulus 
site vertically toward the pial surface. This vertical activa- 
tion moved with similar velocity in young and old animals: 
180 f 18 mm/s (n = 26 recordings of 14 slices from 6 
animals) in animals up to P33 (just after eye opening) and 
210 f 16 mm/s (n = 61 recordings of 30 slices from 18 
animals) in animals older than P33 (all errors given are 
+ 20 SEMs. and delimit the 95% confidence range). This 
is very similar to the optically measured conduction veloc- 
ity along Shaeffer collaterals in CA1 of hippocampal slices 
(Grinvald et al., 1982). 
More pronounced than the similarities, however, were 
the differences in the extent and time course of activity 
seen at different ages. One of the most striking of these 
was that in mature slices, the initial vertical activation was 
accompanied by a simultaneous horizontal activation in 
layers 5 and 6 (Figure 1, bottom), which could extend for 
more than a millimeter in both directions. This horizontal 
component was absent from juvenile slices (Figure 1, top). 
Stimulation at the layer 6-white matter boundary in ma- 
ture, but not juvenile, slices strongly activated the neuropil 
in layer 2/3 directly above the stimulus site. In adults, the 
amplitude of the signal in layer 2/3 exceeded that of layer 
4. Because at least some of the activity of layer 2/3 is 
driven by layer 4 neurons, this difference in activation 
strengths was initially surprising but probably results from 
a contribution by antidromic activation (see below) and 
from other factors as well (see Discussion). 
In the mature slices, asecond region of horizontal propa- 
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Figure 1. Spatiotemporal Patterns of Activation Resulting from Electrical Stimulation of Mature and Immature Slices of Visual Cortex 
Frames from optical recordings made of slices from visually immature (P26, top) and mature (P67, bottom) ferrets. Time in milliseconds after 
stimulus delivery at the layer g-white matter boundary is indicated along the top. Surface plots of processed optical recording data have been 
superimposed on Nissl-counterstained sections of the slices from which the recording data was taken (see Experimental Procedures). Note the 
marked difference between the two ages in the lateral extent of activation in both layer 2/3 and in layers 5 and 6. Cytoarchitectonically defined 
layers have been labeled and are outlined in yellow. The stimulus sites are marked by asterisks in the 1 ms frames. Each square of the surface 
plot is 90 urn on a side. All color scale bars show linear relatrve amplitude. 
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gation in layer 2/3 was detected, apparently triggered from 
the highly activated region of layer 2/3. This upper-layer 
horizontal component propagated laterally at a rate of 
160 + 9 mm/s, only slightly slower than the velocity of 
vertical propagation. Widespread activation of layer 2/3 
was absent in juvenile slices. This changing extent of hori- 
zontal propagation during development is the feature we 
have focused on in our study of the development of the 
functional efficacy of horizontal connections. 
The pattern of circuit activation resulting from electrical 
stimulation of coronal slices clearly undergoes striking 
changes during development. In particular, the distance 
activity propagates horizontally within layer 2/3 increased 
dramatically some time between P26 and P67. To relate 
this change to other changes in intracortical circuitry 
known to occur during development, we next determined 
precisely when the extent of propagation of activity within 
layer 2/3 increased. 
Extent of Horizontal Activation Increases 
at the Time of Eye Opening 
Optical recordings were made from slices of visual cortex 
taken from animals ranging in ages from P20 to P71. The 
recordings showing the most robust signals (n = 87 re- 
cordings from 44 slices from 24 animals) were selected 
for detailed analysis. Figure 2 shows the relative extents of 
horizontal propagation at different times during postnatal 
development of ferret visual cortex. The average extent 
of lateral propagation detected was 450 f 50 pm in the 
youngest age group (n = 6 recordings) and 800 + 60 f.trn 
in the oldest (n = 39 recordings). The maximum lateral 
propagation (1000 r 100 pm) was observed between P40 
and P44 (n = 11 recordings). Thus, the distance of propa- 
gation during development more than doubled. The rapid- 
ity of this change-approximately 10 days-makes it un- 
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Figure 2. Development of Horizontal Propagation in Layer 2/3 
Relative extent of propagation is shown as a function of postnatal age 
of animal from which slices were taken. Optical recordings similar to 
those shown in Figure 1 were automatically thresholded to determine 
which regions of the slice were activated by the test stimulus. Propa- 
gation was then measured along its axis of maximum extent in layer 
2/3 (see Experimental Procedures). The extent of propagation remains 
low until approximately the time of eye opening. In the 10 days follow- 
ing, propagation doubles in extent. Measurements were binned ac- 
cording to age and normalized relative to the extent of activity seen 
in the youngest age group (P20-24). Error bars, -c 20 SEM. 
likely that changes in brain size made a substantial 
contribution. 
At the earliest ages- between P20 and P28- horizontal 
connections were only weakly effective, incapable of caus- 
ing significant activation in dendrites distant from the stim- 
ulus site. Near the time of eye opening (P31-32), however, 
this began to change. Between P30 and P34, horizontal 
propagation began to increase and continued to do so 
over the next 10 days, reaching its maximum by P41. The 
propagation of about 1 mm detected in slices from adult 
animals is comparable to the horizontal extent of pyrami- 
dal cell axonal arbors in layer 2/3, which seemed likely to 
underlie this activity. An additional series of experiments, 
described below, further supported the hypothesis that 
horizontal propagation was mediated chiefly by intrinsic 
connections in layer 2/3. 
Tangential Connections within Layer 2/3 Underlie 
Horizontal Activation 
Pyramidal neurons in layer 2/3 form extensive horizontal 
connections both within layer 213 itself and within layer 
5 (Gilbert and Wiesel, 1983). The lateral propagation of 
activity observed could have resulted either from activa- 
tion of horizontal connections exclusively within layer 2/ 
3 or from some more complex intracortical circuit, as has 
been proposed by others (Tanifuji et al., 1994). A series 
of three experiments using pharmacological agents, se- 
lective ablation of specific pathways in the slice, and com- 
bined anatomical tracing and optical imaging confirmed 
that the pattern of activation we observed was due to con- 
nections intrinsic to layer 2/3 alone. 
In our first experiment, we considered the possibility that 
the electrical stimulus in layer 6 was laterally activating 
neurons in layer 2/3, not through a synaptic mechanism, 
but by antidromic activation of layer 2/3 neurons via axons 
passing near the stimulus site. This was not the case. 
Coronal slices of adult visual cortex that had initially strong 
optical responses were treated with 2 mM kynurenic acid, 
a broad-spectrum glutamate receptor antagonist (n = 5; 
Figure 3). Though the vertical tongue of activation per- 
sisted in optical recordings made after receptor blockade 
(expected, owing to antidromic activation of some neurons 
in layer 2/3 directly above the stimulus site), the long la- 
tency signals associated with long-distance horizontal 
propagation were abolished. image subtraction of the 
blocked condition recording datafrom the untreated condi- 
tion recording data emphasizes this difference and pro- 
vides an approximate method of separating synaptically 
mediated activity(Figure 3, difference)from antidromically 
driven activity (Figure 3, kynurenic acid). Washout (lo- 
20 min) restored long-distance horizontal activation (data 
not shown). 
A second possibility is that synaptic connections origi- 
nating from the infragranular layers are involved in the 
horizontal propagation of activity in layer 2/3. If this were 
the case, then the extent of this activity should be consider- 
ably attenuated in slices including only layer 2/3. We there- 
fore prepared slices including only layer 2/3 by cutting 
slices from adult animals tangential to the cortical surface, 
thereby eliminating interactions with deeper layers. In 
26 
m:ecI 
1 mm 
these slices, activity could be detected 1200 f 130 firn 
from the stimulus site (n = 6) somewhat larger than the 
extent of propagation measured in coronal slices. The rate 
of horizontal propagation measured in tangential slices 
was also very similar to that seen in coronal slices (130 
+ 9 mm/s vs. 160 f 9 mm/s in coronal slices), suggesting 
that similar circuit elements mediate horizontal propaga- 
tion of activity in both cases. 
Some recordings from tangential slices of layer 2/3 ex- 
hibited asymmetries in the extent of propagation of activity 
from the stimulus site (Figure 4). These asymmetries sug- 
gested that the patterns of activity revealed by optical im- 
aging of tangential slices could directly reflect the clus- 
tered, asymmetrical nature of the tangential axonal arbors 
made by the pyramidal cells of layer 2/3 (Gilbert and Wie- 
sel, 1983; Rockland, 1985). To confirm that the propaga- 
tion of activity measured optically was indeed mediated 
by the horizontal axons within layer 2/3, small biocytin 
injections were made at the site of electrical stimulation 
in several tangential slices. We determined the patterns 
of projections arising from the stimulus sites by tracing 
the axons labeled by anterograde transport of biocytin and 
then compared them with the optically recorded activity 
maps derived from the same slices. 
In all cases, the optical activity maps correspond well 
with the anatomical data (n = 4). Visual inspection showed 
that in directions wherestronger activation of neuropil was 
recorded optically, there were also denser axonal projec- 
tions originating from the stimulus site. Two optical re- 
cordinglbiocytin anatomy data pairs were analyzed more 
thoroughly by completely reconstructing the labeled axo- 
nal arbors (Figure 5). The extent of activation detected fell 
just short of the extent of the axonal arbors in all directions, 
and the asymmetries detected lie in the same direction 
and occur at a similar scale for both methods. 
To analyze this further, we transformed the optical and 
labeling images into circular, binned representations (Fig- 
ure 5c; see Experimental Methods for details), We then 
Figure 3. Contribution of Antidromic and Or- 
thodromic Activation of Neurons to the Hori- 
zontal Propagation of Activity in Layer 2/3 
(A) Maximum response map of a coronal slice 
from a mature animal (untreated). Asterisk indi- 
cates stimulation site in layer 6. Closed bar on 
the image indicates the position of a line scan 
through layer 2/3 used to generate the time- 
amplitude plots (B-D). Yellow lines delimtt lam- 
inar boundaries as indicated. 
(B) Response of layer 213 before addition of 
the antagonist (2 mM kynurenic acid). Time is 
represented along the vertical axis; horizontal 
position along the horizontal axis 
(C) Diminished response after the addition of 
kynurenic acid. Only a small amount of hori- 
zontal activation persists. Furthermore, the 
longer latency long- distance component of ho- 
rizontal activation is abolished completely. 
(D) Difference of (A) and (8). This approximates 
the activity in layer 2/3, which results from syn- 
aptic rather than antidromic activation. 
Bars, 5 ms (vertical); 1 mm (horizontal). 
rotated each wheel in 20° increments and computed the 
value of the autocorrelation functions. In the example 
shown, both autocorrelation functions had a single peak 
centered at 0” rotation. The cross-correlation function had 
an identical peak, indicating that a single position provided 
the best fit between the optical and anatomical data. 
The optical signal is chiefly postsynaptic and represents 
dendritic depolarization, whereas the axonal anatomy pro- 
vides a view of the presynaptic elements of the horizontal 
circuit. The correspondence between the two typesof data 
indicates that activation of the presynaptic horizontal con- 
nections results in strong postsynaptic activation. The ex- 
tent, distribution, and rate of propagation of activity re- 
corded from tangential slices of layer 2/3 of visual cortex, 
as well as the close correspondence of the spatial pattern 
of activity to the pattern of projection of axons from the 
stimulus site, all support the hypothesis that horizontal 
projections are chiefly responsible for mediating horizontal 
propagation. 
Disinhibition Nonspecifically Affects Extent of 
Horizontal Activation 
It has been proposed that optically recorded horizontal 
propagation in slices of visual cortex is mediated chiefly 
by a regenerative vertical circuit (Tanifuji et al., 1994). Ar- 
guments for this hypothesis were based on optical re- 
cordings taken from coronal slices of rat visual cortex 
bathed in bicuculline methiodide (BMI), a GABAA receptor 
antagonist. We replicated some of these experiments us- 
ing coronal slices of ferret visual cortex bathed in BMI. 
This allowed direct comparison of the patterns of activation 
seen in both untreated and disinhibited ferret cortical 
slices to determine whether the excitatory circuits acti- 
vated were similar in both cases. In addition, we deter- 
mined the effects of disinhibition on the patterns of activa- 
tion in tangential slices bathed in BMI. 
For each of two coronal slices of mature ferret visual 
cortex, we made optical recordings under four different 
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Figure 4. Clustered Horizontal Connections in Tangential Slice Re- 
vealed by Optical Recording 
Optical signals recorded from an electrically stimulated adult tangen- 
tial slice of layer 2/3. Responses during the 6 ms (12 frames) in which 
the most prominent clusters activated were integrated to allow single- 
frame display. The cluster indicated by the arrows is approximately 
1 mm from the stimulus site and about 500 urn across. It, as well as 
two other regions, exhibited shorter latencies to peak amplitude than 
other areas equidistant from the stimulus site (data not shown). Based 
on size, shape, and distance from the stimulating electrode, these 
asymmetries probably represent clustered connections. Bar, 1 mm. 
conditions. In the first recordings (Figure 6, no BMI), made 
before treatment with BMI, both the distance of horizontal 
propagation (860 urn) and the time course of horizontal 
propagation (170 mm/s) were similar to that measured in 
other adult slices. In the second recordings (Figure 6, 20 
uM BMI), radical changes in the pattern of circuit activation 
were induced by addition of BMI (20 PM) to the perfusing 
solution. Horizontal activation now extended off the edge 
of the recording area (>2200 urn), and overall signal 
strength was highly elevated in all regionsof the recording. 
Furthermore, the time courseof the horizontal propagation 
of activity was reduced about 3-fold, slowing to 50 f 7 
mm/s, compared with 160 f 9 mm/s in untreated slices. 
The third recordings were made after a vertical cut in the 
slice was made from the pial surface down through layer 4 
(Figure 6, cut 1). This cut prevented horizontally mediated 
activation across the cut within layer 2/3, but nevertheless 
failed to block horizontal propagation. Propagation of ac- 
tivity within the supragranular layers appeared to flow 
around the cut, apparently retriggered from the infragranu- 
lar layers. 
The fourth and final recordings were made after a sec- 
ond cut was made horizontally through layer 4, beginning 
slightly distal to the vertical cut and extending away from 
the stimulus site. This cut any connections between the 
supragranular and infragranular layers. However,  the 
horizontal propagation seen beyond the vertical cut was 
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Figure 5. Patterns of Optical Responses Cor- 
respond with Patterns of Axonal Projection 
(A) Plot of optical recording data showing the 
maximum amplitude of the response recorded 
at each site. Note the relatively long-distance 
activation that propagates across the lower left 
quadrant of the image. 
(B) The anatomy of biocytin-labeled axons orig- 
inating from near the stimulus site. The great- 
est density of axons is also in the lower left 
quadrant. 
(C) Analysis of correlation between anatomical 
and optical data. To allow comparison of the 
two disparate data types, the data in images 
(A) and (B) were binned and normalized (see 
Experimental Procedures). Rotational autocor- 
relograms were generated for both the trans- 
formed optical recording data (left wheel, long- 
dashed line) and the transformed labeled axon 
data (right wheel, short-dashed line). The 
cross-correlogram (dark line) between these 
two data types shows a single, well-defined 
peak almost identical in position and relative 
magnitude to that of the autocorrelogram for 
the optical data. 
(D) Superimposition of (A) and (8). The axonal 
arbors project somewhat beyond the range of 
activitation measured optically, but otherwse 
follow the pattern closely, implying that the la- 
beled axons arising from the stimulus site un- 
derlie the horizontal propagation of activity. 
Bar, 1 mm. 
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Figure 6. Determining Circuit Elements That Mediate the Effect of BMI on Horizontal Propagation 
Four recordings from asingle coronal slice under different conditions were made to determine the nature of the circuits underlying activity propagation 
in a disinhibited slice. The marks shown on the imaging data are labeled at right. Layer locations, estimated from the Nissl stain of the slice, are 
marked at the top and bottom of each frame by color-coded bars. The stimulus site is marked by an asterisk. 
(A) Activity elicited by stimulation near the layer 6-white matter boundary of a P39 coronal slice of ferret visual cortex, before addihon of BMI. 
The activity pattern was normal in extent and time course for this age. 
(6) Activity elicited afler treating the same slice with 20 uM BMI. The rate of propagation slowed 3-fold, whereas magnitude and extent of activity 
increased dramatically. This implies that some new circurt elements were activated. 
(C) Pattern of activity elicited after the disinhibited slice was cut from the pial surface down through layer 4 (black line). Activity flowed around 
the cut, retriggering in the supragranular layers distal to the cut through activation from the infragranular layers. 
(D) A second cut (marked by a second line) was made under the infragranular layers, through layer 4, and roughly parallel to the pial surface. 
Horizontal propagation of activity in the separated infragranular and supragranular layers was not reduced in extent, although it was reduced in 
magnitude. Thus, horizontal propagation of activity in disinhibited slices can be mediated by connections both between and within layers. 
not diminished in extent, although it was attenuated in 
strength (Figure 6, cut2). In thesupragranular layers, even 
the weakened activity was stronger than occurs in a non- 
disinhibited slice more than a few hundred micrometers 
distal to the stimulus site. In the infragranular layers, hori- 
zontal propagation was reduced to barely detectable lev- 
els, though not abolished entirely. In both cases, the mea- 
sured time course of propagation remained approximately 
three times slower than before the addition of BMI. This, 
together with the elevated extent of horizotal propagation, 
implies that even after vertical circuits are removed, the 
circuit underlying horizontal propagation is substantially 
different from that operating in untreated slices (see Dis- 
cussion). 
In a final set of experiments, we imaged tangential slices 
of layer 2/3 of adult ferret visual cortex bathed in BMI 
(n = 3). BMI again increased the distance of propagation 
of activity to the edges of the recording area (or to the 
edge of the slice itself, where visible), despite the absence 
of reciprocal connections with infragranular neurons (Fig- 
ure 7). The rate of propagation was 45 f 9 mm/s, indistin- 
guishable from the velocity of horizontal propagation in 
BMI-treated coronal slices and very different from that re- 
corded in untreated tangential slices (130 * 9 mm/s). 
Thus, the addition of BMI to the perfusing solution of a 
cortical slice preparation alters not only the magnitude and 
extent of the activity elicited by an electrical shock, but 
also its velocity of horizontal propagation. Both intra- and 
interlaminar connections support this altered propagation. 
Discussion 
The developmental time course revealed by our circuit- 
level functional assay of the development of functional 
horizontal connections in ferret visual cortex leads to three 
main conclusions. First, tangential connections do not as- 
sume a strong functional role until considerably after their 
initial emergence, as determined by both anatomical and 
functional single-cell assays. Second, based on when 
these functional interactions first appear, we conclude that 
the development of orientation selectivity occurs synchro- 
nously and in parallel with the functional development of 
horizontal connections in layer 2/3. Finally, lateral interac- 
tions in the adult, and presumably in juvenile animals as 
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Figure 7. Effect of Disinhibition on Horizontal Propagation in a Tangential Slice of Layer 2/3 
Six snapshots of activity as it develops l-40 ms after slice stimulation in the presence of 15 nrn BMI. In contrast to recordings from untreated 
slices (see Figure 5) where activity is limited by the extent of axons arising from the stimulus site, activity in disinhibited slices may propagate 
more than 2 mm. In this case, activity extends off the top and sides of the recording area and reaches the edge of the slice along the bottom. 
The black line along the bottom of each frame marks the approximate locahon of the boundary between layer 2/3 and layer 1. A short segment 
of layer 1 is included at the edges of most tangential slices of ferret visual cortex because of the curvature of the brain. Bar, 1 mm. 
well, are mediated primarily by the long-range collaterals 
intrinsic to each layer rather than by regenerative, recipro- 
cal circuits between layers. 
Circuit Development versus Single-Cell 
Development 
We have used optical recording to assay the development 
of the functional efficacy of horizontal connections within 
the context of a neuronal assembly involving the activity 
of many cells. These data complement previous studies 
from our laboratory and others in which development of 
the tangential connections of layer 2/3 pyramidal neurons 
was studied anatomically and electrophysiologically at the 
single-cell level. 
Durack and Katz (1995) examined the time course of 
the development of the anatomy of long-range axonal 
arbors in layer 213 of ferret visual cortex by reconstructing 
axons labeled from extracellular biocytin injections. Dalva 
and Katz (1994) used the spatially restricted stimuli made 
possible byphotostimulation to map the pattern of synaptic 
inputs onto single neurons of layer 2/3 at different times 
during ferret development. Combining the time course 
data from these two studies with the data presented here 
(Figure 8, bar graph and bottom two time lines) yields a 
picture of the development of horizontal connections that 
consists of three phases. 
In the first phase of development, beginning about 10 
days before eye opening, horizontal axons from pyram- 
idal cells of layer 213 extend, forming long (>500 urn) 
unbranched collaterals. Although present anatomically, 
these axons neither branch nor make many functional syn- 
apses for about 5 days. In the second phase of develop- 
ment, they begin to both branch exuberantly and form 
large numbers of synapses. By eye opening, around P32, 
horizontal axons begin to form crude clusters of distal 
branches. Nevertheless, our recordings show that these 
connections are still either not numerous enough or not 
strong enough to produce optically detectable long-range 
postsynaptic depolarization. Many of the synapses that 
are present at this time are with nearby cells (Dalva and 
Katz, 1994) and so would not be expected to contribute 
to long-distance horizontal propagation of activity. 
In the final phase of development, occurring over the 
course of the next 10 days, the extent of detectable hori- 
zontal propagation mediated by horizontal layer 2/3 con- 
nections increases along with their numbers of clustered 
branches and synapses until reaching a maximum at 
about P42. Some inappropriate branches and synapses, 
both distant and local, are also lost as the axonal arbors 
refine. The slight drop in the average extent of horizontal 
propagation that our optical recording data show after this 
point may be due to continuing elimination of synapses 
and refinement of clusters. 
Neuron 
30 
Coincident Development of Tangential 
Connections and Orientation Selectivity 
Chapman and Stryker (1993) examined the time course of 
the development of orientation selectivity in ferret cortex. 
They found a well-defined period between about P33, just 
after the beginning of visual experience, and P40, during 
which the number of neurons with orientation selectivity 
increased markedly from relatively low levels (1 O%-20% 
of ceils selective) to the levels of orientation selectivity 
seen in the adult (75% of cells selective). 
They suggested that the tangential connections made 
within layer 2/3 may contribute to the orientation selectivity 
of layer 213 neurons. This would help explain their finding 
that layer 4 cells are relatively poorly tuned in orientation 
selectivity compared with upper-layer neurons. One pre- 
diction of this hypothesis is that the orientation tuning of 
layer 2/3 neurons should begin to mature at about the 
same time as the horizontal connections begin to establish 
themselves. 
The data from the single-neuron developmental studies 
reviewed in the previous section are consistent with the 
hypothesis that horizontal connections contribute to the 
development of orientation tuning. However,  there is a lag 
between the onset of branching and synapse formation 
(about P27) and the onset of the maturation of orientation 
selectivity (at about P33) (Figure 8, three bottom time 
lines). The optical recording data we have presented par- 
tially explain this lag. Although the axons of layer 2/3 are 
establishing new connections beginning several days be- 
fore eye opening, these connections do not become nu- 
merous enough to have a large-scale postsynaptic depo- 
larizing effect until about the time of eye opening. The 
period from this point until the time point when the extent 
of horizontal propagation reaches its maximum (P42)coin- 
tides closely with the period of orientation selectivity matu- 
ration measured by Chapman and Stryker (1993) (Figure 
8, top bar graph and top time line). 
Thus, our data show that the correlation between the 
development of orientation selectivity and the develop- 
ment of the horizontal connections made by pyramidal 
cells of layer 2/3 is even closer than previously thought. 
Furthermore, this correlation is based on a functional cir- 
cuit-level assay, which isan important parameter if activity- 
dependent mechanisms are responsible for the develop- 
ment of any contribution of layer 2/3 connections to 
orientation selectivity or to the pattern of orientation col- 
umns. Indeed, in simplified computational models of the 
formation of orientation columns (Miller, 1994) the pattern 
of orientation columns depends criticallyon lateral interac- 
tions. Although lateral connections in these models are 
shorter range than those examined here, long-range con- 
nections are likely to play similar roles. 
Activation of Layer 4 
One unexpected feature of the adult cortical slice optical 
recordings was the relatively strong activation measured 
in layer 2/3 compared with that of layer 4 in the column 
directly above the stimulus site. Because layer 2/3 activa- 
tion was the focus of our interest, we did not investigate this 
difference in detail. However,  there are several possible 
Frgure 9. Comparison of the Time Course of Anatomical and Func- 
tional Parameters of Cortical Development 
(Top) Relative extent of optically recorded propagation of horizontal 
activity as a function of age. The bar graph recapitulates the data 
shown in Figure 2. Graduated shading indicates the time during which 
the extent of propagation is increasing. 
(Bottom) Three time line bars show graduated shading for times during 
which various developmental parameters are changing. From top to 
bottom, these are strength of orientation selectivity (Chapman and 
Stryker, 1993) degree of segregated clustering of synaptic inputs onto 
single pyramidal neurons of layer 2/3 (Dalva and Katz, 1994) and 
degree of axonal branching into refined clusters of connections (Dur- 
ack and Katz, 1995). Whereas the single-neuron studies show that 
the development of long-range horizontal axons begins several days 
before eye opening, optical recording data show that they do not begin 
toassumeadult-likefunctionalefhcacyuntilabout thetimethatorienta- 
tion selectivity begins to refine. 
explanations for it. As already mentioned, the difference 
is probably due in part to some layer 213 neurons directly 
above the stimulus site being antidromically activated from 
their axons, whereas layer 4 neurons are isolated from 
the stimulus by at least one synapse. It is possible that 
the relatively high density of cell bodies in layer 4 leads 
to relatively less electrically active dye-stained membrane 
surface area, which might in turn result in smaller signal 
responses. Direct electrical stimulation of layer 4, how- 
ever, typically results in larger, not smaller, optical signals 
than are seen after direct activation of other laminae (un- 
published data). A feedback inhibition mechanism within 
layer 4 has been proposed (Kirkwood and Bear, 1994) that 
may also contribute to this effect by reducing the activation 
of neurons in this layer. Removal of inhibition by the addi- 
tion of BMI increased the activation of layer 4 relative to 
the normal circuit beginning about 8 ms after delivery the 
electrical stimulus. Whether this activation is due to re- 
lease of intralaminar inhibition or to some other mecha- 
nism is unclear from these experiments, however. 
Horizontal Propagation Is Mediated by Tangential 
Layer 213 Connections 
Crucial to establishing the validity of the conclusions 
drawn above is assuring that optically measured hori- 
zontal propagation is actually caused by the horizontal 
connections made by the neurons of layer 2/3. At least two 
Development of Functional Connections in Visual Cortex 
31 
conventional electrophysiological studies in brain slices 
have provided evidence that the connections within layer 
2/3 contribute importantly to the horizontal propagation of 
activity. Hirsch and Gilbert (1991) found that they could 
measure excitatory postsynaptic potentials as far as 3 mm 
from an electrical stimulus in layer 2/3 in undercut coronal 
slices of cat visual cortex in which layer 4 had been sepa- 
rated from the supragranular layers. Weliky and Katz 
(‘1994) observed similar lateral activation in tangential 
slices of layer 2/3. This shows that a reciprocal vertical 
circuit is not required for extensive horizontal propagation 
of activity. 
Two arguments based on data gathered during our initial 
time course experiments further support the hypothesis 
that the tangential connections within layer 2/3 mediate 
the horizontal propagation of activity. First, we have found 
that the amount of horizontal propagation of activity in 
coronal slices of ferret visual cortex after stimulation near 
the layer g-white matter boundary increases 2-fold be- 
tween approximately ages P32 and P42. As discussed 
above, that is approximately the same period during which 
the horizontal connections intrinsic to layer 2/3 develop 
anatomically and refine synaptic connections. This is con- 
sistent with the hypothesis that horizontal connections un- 
derlie the horizontal propagation we have measured. Sec- 
ond, in coronal slices, the rate of horizontal conduction 
within layer 2/3 is almost as great as the rate of vertical 
conduction across the laminae of the slice. This argues 
against complex, regenerative circuits being involved in 
the horizontal propagation of activity in normal ferret corti- 
cal slices (as distinct from disinhibited slices: see below). 
We have extended these arguments by performing addi- 
tional experiments in tangential slices to demonstrate that 
it is the intrinsic connections of layer 2/3 that mediate the 
horizontal propagation of activity detected optically. Three 
further results arise from these experiments. First, re- 
cordings from adult-like tangential slices containing only 
layer 2/3 demonstrate that characteristics such as velocity 
of propagation and extent of propagation are similar in 
both coronal and tangential slice preparations. It is there- 
fore likely that the same circuit elements underlie both 
phenomena, and this further implies that circuitry intrinsic 
to layer 2/3 is involved in supragranular horizontal propa- 
gation in coronal slices. Second, many of our tangential 
recordings showed patterns of activation reminiscent of 
the patchy pattern of labeling seen after staining of upper 
layer neurons by injection of horseradish peroxidase or 
fluorescently labeled beads in both ferret and cat (Gilbert 
and Wiesel, 1983; Callaway and Katz, 1990; Rockland, 
1985). This distribution would pe expected if the clustered 
horizontal axons of layer 2/3 are relaying activity laterally 
across the cortex. Finally, there was a strong corre- 
spondance between the optically recorded pattern of activ- 
ity propagation in tangential slices and the pattern of arbo- 
rization of the axons arising from near the stimulus site. 
Effect of Disinhibition on Cortical Slice Circuitry 
Our  conclusion that the horizontal propagation of activity 
is chiefly mediated by horizontal connections intrinsic to 
layer 2/3 appears to be at odds with the mechanism of 
propagation proposed by Tanifuji et al. (1994). They have 
proposed that horizontal propagation is mediated by recip- 
rocal, regenerative vertical circuits between the supra- 
granular and infragranular layers. However,  this conclu- 
sion was based on experiments in which bicuculline 
methiodide (BMI) was used to remove inhibition from 
slices. In contrast, we have emphasized results from un- 
treated slices. 
Where they are directly comparable, the data from the 
two sets of experiments generally agree, even though they 
were obtained in different species (rat vs. ferret). The dis- 
tances of lateral propagation of activity in the absence of 
BMI are similar, as are the velocities of both horizontal 
and vertical propagation and the observed increases in 
signal amplitude and distance of propagation after treat- 
ment with BMI. We also observed that horizontal connec- 
tions are not necessary for horizontal propagation of sig- 
nals in BMI-treated slices. 
Three lines of evidence argue, however, that the excit- 
atory connections underlying horizontal propagation in 
BMI-treated slices are not the same as those underlying 
it in untreated slices. First, the greatly increased extent 
and magnitude of signals seen in BMI-treated slices imply 
that the removal of inhibition recruits new excitatory con- 
nections into the activated circuit, rather than simply un- 
masking previously active ones. In particular, we observed 
that in tangential slices of ferret visual cortex, clustered, 
horizontally projecting axons mirror the pattern of activity 
propagation within layer 2/3 in untreated slices. The propa- 
gation in treated slices, on the other hand, extends 
throughout the entire recording area, beyond the reach of 
these axons, implying that new excitatory circuit elements 
have been activated. 
Second, the average rate of horizontal propagation 
drops 3-fold in the presence of BMI in both coronal and 
tangential slices. Apparently, disinhibition reveals a slowly 
propagating circuit that superimposes on and swamps out 
the normal, faster propagation mediated by long-distance 
horizontal connections. 
Finally, horizontal propagation in the presence of BMI 
can be mediated not only by vertical connections between 
laminae, but also by connections within layers, as shown 
by the continued propagation of signals in layer 2/3 after 
a horizontal cut through layer 4. This is the one point on 
which our data conflict with those of Tanifuji et al. (1994). 
The difference may be explained by our use of a different 
species, our use of a higher concentration of BMI (but see 
Chagnac-Amati and Connors 119891, discussed below), or 
by the difficulty of making such cuts without damaging 
tissue. 
We believe that the functioning of “normal,” untreated 
slices is more likely to resemble the functioning of circuitry 
in vivo than BMI-disinhibited slices. Our  evidence sug- 
gests that in ferret, the addition of BMI does not specifically 
emphasize the effects of normally active excitatory con- 
nections. Instead, BMI-mediated disinhibition radically and 
nonspecifically elevates the overall activity of ferret corti- 
cal slices. The relationship, if any, between circuits un- 
masked by global disinhibition and the circuitry that medi- 
ates normal synaptic interactions is not clear. 
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Previous data from other groups support this conclu- 
sion. Comparison of our data with optical recording experi- 
ments performed in vivo lends additional strength to our 
argument that untreated slices behave qualitatively much 
more like native cortex than disinhibited slices. In vivo 
optical recording experiments in primate visual cortex de- 
termined that the rate of horizontal propagation is between 
100 and 250 mm/s (Grinvald et al., 1994), much closer to 
what we measured in untreated slices than in disinhibited 
slices. Optically recorded activity in vivo also falls off ap- 
proximately as a Gaussian function with distance, rather 
than assuming the regenerative character seen in disin- 
hibited slices. Additionally, Chagnac-Amati and Connors 
(1989) found that low doses of BMI (0.7-l .O PM) induced 
epileptiform activity in coronal slices of rat somatosensory 
cortex, characterized by widely variable and unpredictable 
field potential wave forms. It appears that slices made 
epileptiform by the addition of even small amounts of BMI 
do not retain many features of normal cortical circuit func- 
tion. 
Our  central findings are P-fold. First, in untreated slices 
of adult ferret visual cortex, horizontal propagation of activ- 
ity is chiefly due to one simple circuit element: the tangen- 
tial projections made by the pyramidal cells of layer 2/3 
within layer 2/3. Second, these tangential projections be- 
gin to assert themselves as prominent participants in corti- 
cal activity beginning at about the time of eye opening 
and develop in parallel with the emergence of adult-like 
orientation selectivity. 
Experimental Procedures 
Animals 
All experimental ferrets used were between the ages of P20 and P71 
(Marshall Farms, North Rose, NY). Animals younger than P55 were 
anesthetized with intraperitoneal injections of 100 mg/kg Nembutal 
and decapitated after loss of a limb withdrawal reflex. The visual cortex 
of older animals was surgically removed under Nembutal anaesthesia 
using the craniotomy procedure previously described (Katz, 1987). 
Slice Preparation 
Coronal slices were prepared and maintained as previously described 
(Katz, 1987), except as noted here. Artificial cerebrospinal fluid (ACSF) 
used during the dissection had sucrose substituted for NaCl to sup- 
press activity during dissection while maintaining the osmolarity of 
bathing solution (Aghajanian and Rasmussen, 1989). ACSF used in 
dissections was chilled to 4OC. The bathing solution was changed to 
normal ACSF between 30 min and 1 hr after the slices were placed 
in the interface holding chamber. 
Preparation of tangential cortical slices utilized a Vibratome, as pre- 
viously described (Durack and Katz, 1995). 
Biocytin Injections 
In some experiments in tangentially cut slices, focal injections of bio- 
cytin were made before staining with voltage-sensitive dye (Durack 
and Katz, 1995). Carbon particles were used to mark the injection 
site to aid in placing the stimulating electrode in the same location. 
Anterograde biocytin labeling of axonal arbors was visualized by stan- 
dard immunoperoxidase staining techniques (Durack and Katz, 1995; 
Adams, 1981). After tissue processing, proper electrode placement 
was verified under a microscope. Reconstruction of labeled axons in 
two dimensions was performed using a camaera lucida attachment 
to a Zeiss Axioplan microscope with a 25 x oil immersion objective. 
Slice Staining 
Slices were stained before optical recording by a dye solution of 0.4 
mg/ml RH 795 (Grinvald et al., 1994) or RH 461 (Grinvald et al., 1987; 
Molecular Probes, Eugene, OR) in normal ACSF. Slices were sub- 
merged in the dye solution for 15 min before being returned to dye-free 
normal ACSF and an interface configuration. 
Optical Recording 
The principles of optical recording using voltage-sensitive dyes have 
been discussed elsewhere (Grinvald et al., 1982). Optical recordings 
were made using an apparatus built around a 12 x 12 photodiode 
array linked to 128 sample-and-hold amplifiers, graciously loaned to us 
by A. Grinvald (Grinvald et al., 1982, 1988). Only the 100 center-most 
photodiodes were used. 
The photodiode array was attached to the side port of a Zeiss IM 35 
inverted microscope. Recordings were made through a25x objective 
lens (Zeiss Plan-Neofluor, 0.8 NA), so that each photodiode recorded 
slice activity from a 45 x 45 wrn area. Dye-stained slices were sub- 
merged in a glass-bottomed chamber containing an oxygenated, circu- 
lating bath of ACSF at 22%. 
In experiments in which bicuculline methiodide was used, its con- 
centration ranged between 14 and 20 PM. 
The slice was illuminated by a 150 watt tungsten-halogen bulb, 
driven at slightly above its rated voltage (for maximum light) by a large, 
stable DC power source (Kepco ATE 75-15M). Incident and fluores- 
cent light was filtered using an XF40 filter set from Omega Optical 
(Brattleboro, VT). 
The slice was stimulated by a bipolar electrode pulsed for 100 ps. 
Stimulus intensity was set to evoke an optical response of approxi- 
mately one-half maximum amplitude near the stimulus site. The ampli- 
fied optical responses were digitized at 2 KHz by a PC-based system 
running a custom-designed LabView Virtual Instrument and using two 
National Instruments AT-MIO-64-F boards. Recording trials were 100 
ms long, with 60-70 ms of the recording occurring after the stimulation. 
Montage Imaging 
To record activity with a higher resolution and over a broader area 
than would ordinarily be possible with a IO x 10 recording array, we 
developed a technique of montage averaging, which allowed us to 
capture maps of activity over an area 44 x 54 pixels (about 2 x 2.5 
mm) or larger. 
A standard technique in optical imaging is to average several subse- 
quent trials together to increase the signal-to-noise ratio. This is possi- 
ble because of invariance in the responses evoked from trial to trial. 
We have taken advantage of this invariance in a different way. We 
recorded activity from a different area on each trial, then combined 
these asynchronously recorded trials into one overall image of the 
activity evoked in the slice. The data presented here were gathered 
using a montaging paradigm of five rows of four array positions, sam- 
pled five times with a different offset (usually l-5 pixels) after each 
pass over the whole recording area. 
To accomplish this movement rapidly, the microscope was mounted 
on a computer-controlled motorized stage that was free to move under- 
neath the slice. Stimulus trials occurred at a frequency of approxi- 
mately 0.2 Hz, so that the 100 trials required to record an entire map 
took about 10 min to collect. 
Processing Optical Recordings 
Interpretation and presentation of the optical recording data required 
the use of several different image processing techniques. Image pro- 
cessing was performed using programs and macros written for three 
application environments: LabVIEW (National Instruments, Austin, 
TX), NIH Image (ftp://zippy.nimh.nih.gov/pub/nih-image), and Trans- 
form (Spyglass, Champaign, IL). A detailed description of image pro- 
cessingtechniquesusedisavailable bye-mailfromdnelson@neuro.du- 
ke.edu. 
Measurement of Extent of Horizontal Spread and 
Conduction Velocity 
Extent of horizontal propagation was determined by applying an auto- 
matic thresholding algorithm to each map, then measuring the extent 
of the unmasked region of activation in layer 2/3. 
Latency to onset of response was used to measure conduction ve- 
locities. Vertical velocities were measured along a vertical line ex- 
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tending toward the pia from the stimulus site. Horizontal veloctties 
were measured along the extent of layer 20 
Determining Location of Layers 
After the completion of optical recording, slices were routinely fixed, 
resectioned, and counterstained with cresyl violet. In figures in which 
thepositionsoflaminaeorcutsaredrawn, theseprocessedsliceswere 
referred to In determining where to place them. Alignment between the 
optical recording and the anatomy was guided by video mrcrographs 
taken of the slice through a dissectrng microscope (Nikon SMZ-2T) 
during the recordmg sessron. 
Rotational Correlograms 
Computing the rotational cross-correlation function of anatomical and 
ophcal data required converting data into a common representation. 
To do thts, the ptxel values in Images of both data types were binned 
as a function of both distance from the injection/stimulus site and 
angular position (bin size: 100 ttrn x 20”). Within each same-distance 
ring of bins, data were normalized to the largest maximum amplitude 
of response (ophcal data) or the hrghest density of axon collaterals 
(anatomrcal tracer data). 
Once the two data sets were in this common format, auto- and 
cross-correlograms were generated. Correlation was measured at 
each angle of disparity by summing the products resulting from multi- 
plying the values of corresponding bins together. Correlation was com- 
puted for rotatronal disparities ranging from O” to 360° in 20° incre- 
ments. 
Within each correlogram, datawere normalized again to the percent 
of maximum correlation measured. Correlation was graphed as a func- 
tion of angular disparity. 
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